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Soction (a) - Abstract

The ultraviolet absorption properties ol solutions of lodide
ion in. polar solvents has been discussed by Smith and Symons° in
terms of a square-well model which crudely resembles the model
adopted for the description ol i=centres in alkalil halide crystals.
Ia the investigation reported below, the behaviour of bromide and
chloride ions in similar solvents is discussed. It is shown that
tiie ultraviolet absoription properties of bromnide ion in water and
methyl cyanide zil. chloride loix in metiyl cyanide bear a striking
reseumblance to the behaviour of ilodide ion ia these systems. In
oAdition, the tail of the ahsorption band of bromide ion in other
polar solvents, e.z. alcohols, ethayl cyanide etc., also exhibits
a similar parallelism in behaviour with the lodide ion and this
conclusion is confirmed by obsecrvations of the hehraviour of the
absorption spectra ia mixed solvent systems. The similarity in
the tenperature dependernce of the position of the first absorption
band for lodide, bromide and chloride in methyl cyanide is noted
although the contributing factors wilch are res»onsible for this
appareat independence of the olze ol the central ion remain a
matter for speculation.

| The concept of ion association is also recalled and the

gefinitions, which are employed in this report, are explained. In
this systea two classes of ion pairs, i.e. contact and solvent-
shared are spectroscopically simnificant, 3olutions of tetra-n-
butylammnonium bromide in carbon tetrachloride exhibit an absorption

band at 38,650 em™* which poscesses similar properties to those of
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tetre-n-butylammonium iodide in the same solvent. The band at
38,650 em™® iz thererore attributed to that of a contact ion pair.
'he effects of added methanol and added methyl cyainilde on this band
are compared and it is shiovm that in both cases the contact ion pair
is progressively dostroyed with the addition of the more polar
solvent but that methanol is more effective than methyl cyanide.

The presence of solvent-shared ion pairs is suggésted to
account for the propeirties of the absorption bands exhibited by
solatlions of lodide end bromide in methylene dichloride. An
investigation iato thec properties of the tall o the absorption
bannd exhibited by solutions of tetra-n~butylammonium bromide in
dioxan sugzcsts that the electrolyte is also preseat in this form.

The effect ol added methaiol on the 34,430 cn™* band exhibited
by solutions of tctra-n-butylammonium iodide has also been the
subject of a rizorous investigation, The absorption spectra
indicate that the stablility of the contact ioa pair i1s unaffected
by methanol concentrations up to 1°6x10"° molal but that further
addition of methanol results iu the destruction of the ion pair.
The nmechanism of the destruction is shown by the ahsorption spectra
to proceed via the solvent shared ion pair to an essentially "free"
iodlde 1lon, The data denonstrate the extreme efficicncy of
methanol in destroying these ion pairs and it mucst be concludcd
that, above a methanol coacentration of 2x10™* molal, the fraation
of electrolyte prescint as contact ion pairs is vanishingly small.
This conclusion is at variance with the conclusion arrived at after

au analysis of the conductivity of these systems and the definitions

o st e ke

i



employed here are briefly examinad.
Section (b) - lain Body of the Report.
(1) Theopeticel Baclkiround.

The characterictics of the ultraviolet absorption spectra
exiiibited by halide ions in both solutions and crystals has
abbractod a great deal of attentlon since the analysis of these
spectra has bcen showa to reveal a better understanding of the
efect of chanves ia temperature and eaviroament on the properties
ol the halide ion., Platznann and Franckl postulated that the
electron in the excited state is not specifically bound by any one
solvent molecule but exists in a '2s' type orbital which extends
iato the bulk solvent. Stein and Treinint efter an investigation
into the efrect of temperutarc oa the first absorption band of the
ioc¢ide ion in water, modilied thie approach althoush the electron
is still considered to move out iato the bullk solvent. An
alternative approach, similar to that employed to describe P-cenires
in alkali halide crystals, was proposed by Smith and Symonsa who
considered that the electron in the excited state wus coufined
within a 'square-well' which is defined by the oriented solvent

§ molecules conprising the yprimary solvation layewr, The efi'ect of

: changes in eavironment and temperature on the position of the Lirst
absorption band is discussed, for any one halide lon, in terms of
cLauzes 1 the size or radius of the square-well. The energy
corresponiing to the Irrequency of maximum cbsorption of the first

band, E axs 18 related to the radius of the square-well, ro, and

the ionisetion potential of the halide ion, I.F., by:i-
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= I #+ ha/eroa - (1)
ax

where h represents Planck's constant and m is the wass of the
elactran.°

On the basis of the square-well treatment, Smith and Symons
predicted that & plot of Byax at a given temperature (ueually 20°0)
against the variation of I 4 with teaperature, diygx/dT, for polar
solvents will be a straigsht line with slope -T, Griffiths and
Symons‘ have sliowvn that tle square-well treatment is in good
agreement with the behoviour of ilodide ion in many solvents, c.Z.
water, acetone, ammonia, metayl alcohol ete. The 'square=well'
treatmnent is however not confined to the iodide ion and in the
investication uidertalken durin: the tenure of tie contract an
attempt has been made to determine the elfects of chanzes in
temperature on the first absorption band of bromide and chloride

lone in some of the solvents nentioned abova.

(2) Absorotion Spectra of Bromide and Chloride Ions in some
Polar Solvents.

A complete investigation, similar to that reportec for lodide
1on,* is hindered by the incrcase in ionisation potential of these
two 1onea’6 whicih results in a shift of the absorption bands to
higher eacrgies, in many cases, into the solveat absorption. In
addition, the doublet splitting between the ’P% end %P, / ground
states of the bromine atom,7 3,600 em™*, is swaller than that of
the iodide ion, 7,170 cm™*, with the result that the two absorption

bands overlap to yileld in many cases a single, broad absorption
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band. The doublet splitting for the cihlorine atom is again

much emaller, 880 cm™?

, and ouly a single ahbsorption band is
detected,
Materials
| Solvents were dried end purified as described by Griffiths
and Symons.9 Tetra-n~propylamnonium and tetra-n-butylamuonium
bromide were crystallised from mixtures of ethanol and acctone
and dried under vacuun, ove:r phosphoric oxide, at room temperature,
Tetrancthylamnonium chloride was dried under vacuun over phosphorus
pentoxide at room temperature.
Apparatus

Ultraviolet absorption apectra werc measured using Unicam
8.P.500 and Unicam S.2.700 cpectrophotometerss The problens of
solveat absorption were minimised in most cases by using Ol mm
cylindrical stoppered silica cells.
Analysis of Spectra

The spectra of bromide ion in water shows a broad absorption
upon which 1is superimposed the oxygea absorption lincs. Two
methods of analysis o this spectra were attempted. The first
method involved tiie submission of the experimental data to a
computer which has becen iastructed to give the best Gaussian shaped
absorption band.‘o Secondly, neomctric analyses of the spectra&?
which employed the method of rectilinear diameters and a value
for the doublet splitting also allowed an cstimation ol the position
of the first absorption baid both in this and other solutions where

an absorption maximun was observed.
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Resulte and Discussion
The values of Eaax, Bpayx /AT and extinction of the first

o,

absorption band for solutions of bromide and chloride ions in :
water and bromide in water are recorded in table 1 together with
values obtained by othcer workers for cdmparison. In those
solutions where the frequency corresponding to maximum absorption
was not detected, thc movement of the side of the absorption bvand
at a fixed extinction coefficient, 2 x 10®, was monitored. The
results are summarised in table 2, An interestinz system in this
respect is the solution of bromide ion in 1:3 dioxalane for which
an incrcase in toemperature resulted in a shift in the absorption
band with the result that an absorption maximum wes detectcd at the
higher temperatures. Another important characteristic of the
absorption bands is their bshaviour when another solvent is added.
In mixtures of mecthyl cyanide and water, the band was found to move
steadily betwecen the positions of the abosorption bands in the pure
solvents which rcsembles the behaviour observed in solutioné of
iodide ion. This behaviour was slso obscrved for mixtures of
methyl cyanide and the solvents listed in table 2,

Inspection of table 1 reveals that the values of AEn,x/dT for
the bromide ion are similar to those reportcd for the iodide 1on?.
Similarly the trend in values of the tcuperature dependence with
frequency shown in table 2 resembles tae t;end observed for the
behaviour of the dbsorption-maximum of iodide ions in these solvonts.

The markod similarity in thc values of dEpax/dT for solutions
of lodide, dromide and chloride ions in methyl cyanide is of
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interests, On the basis of the square-well treatment, the
tenperature dependeace o the absorption band is given by the
expression:-

/A = (8 hmr,® ) (aro/an). -

It is unexpected therefore that on changiny the central ion rIrom
lodide to bromide, to chloride, in methyl cyanide where the
corresponding values of r,, as detqpmined by equation (1), are
Lei7, 4+13 and 3'803 respectively, that the value of dEmax/dT
should re@ain constant. It appears that as the size of the ion
decreases, there is an accompanying increase in the interaction -
between the ion and the solvent which tends to decrease the
tendency of the ion cavity to espand with temperature,.

However, the tentative coanclusion is drawn that the square-well -
troatment is still reasonable for the treatment of the absorption
specira ol all the halide ions in these solvents., It is recalled
however that the Bmith~-3ymons correlation diagram included the
behaviour of iodide in alkali iodide crystals, It is intended to
examine this aspect more fully with respect to the crystal data
for all alkali halides. |

(3) Ultraviolet Absorption 829 g of Iodides and Broamides in
8olv whic e a lov ctric constant
Introguction

In order to explain the properties of electrolytes in solvents
of low dlelectric constant, ¢ 30, Bjerrua introduced the concept
that a fraotion of the dissolved electrolyte was present as ion

pairs, the stability of which 1is controlled by coulombis torces only.
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The precise definition of the tern, ion pair, has been the subject
of controversy since many mcthods and experimental techniques have

14,18
been employed in the analysis of this phenonmenon, !

In order
to recsolve some of the resulting dilficulties in nomenclature, and
to explain the terms cmployed in these laboratories, Griffiths and
Symons9 Ahave sugrested the two spectroscopically significant
classes of ion pairs outlined below,

(1) Contact fon pairs - Griffiths and Symoas observed that the ;
position of the absorption maximum c¢cxhibited by 1'.c1:z'a.-n-alk;rlz—:mmonium-E
lodides in carbon tctrachloride was dependeat on the nature of the
cation but Independent of temperature.° They concluded that the
iodide ion was present in the form of a contact ion pair in which
the electronic transition was from the iodide ion to a diffuse
orbital defined by the cation.

(11) Bolvent-Sharcd ion pairs - The absorption band exhibited
by solutions of tétra-n-butylammonium lodide in dioxan was
attributed to the presence or solvent sharc” ion pairs, In an
ion pair of this class, the two ions are separated by one solvent
molecule which exists in the primary solvation shells of both ionse.
Tho naturc of the observed transition for the iodide is discussed
in torms of the square=-wecll model althouzh the cavity, within which
the anion exists, is distorted by the close proximity of the catians.?
In these cystems therefore the position of thc absorption band will |
display a temperaturc dependence althoush the data will not it
tho correlation diagram observed for halide ions in more polar

solvents,

R g A 1t <
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The results of an extention of the work revicwed above are
presented in table 3 and in this section their significance is
discussed.

The offect of temperaturc on the position of the first
absorption hands exhibited by solutions of tetra-alkylammonium
loGides 1a mothylene dichloride indicated that wiile the value of
ansy AT was non-zero, it was smaller than the value predicted by
the dnith-8ymons correlation diagram. FFor solutions of bromide
ia dioxan, althouzh the benaviour of the tall of the absorption
was recorded, it can be seen, by comparison with the data presented
in table 2, that the value of di/dT was also smaller than that
eupccted on the basis nf the position of the aveorption band, 1t
is sugzested that in theso three systems +the salt was prescnt in
thc form of solvent-shared lon pairs,.

Tho position of the absorption bvand at 38,650 en™? exhibited
by solutions of tetra-n-butylammoniuwa dbromide in carbon tetra-
chloride was found to be indapendent of temperature, The affcct of
adding a smcll quantity of bromine to this solution resulted in the
development of a ncw band at 36,000 em™* which indicates that this
latter band 1ies ascociated witl: the tridbromide anion. The
similaritics between the behaviour of tho iodide and bromide ions
in carbon tetrachloride sugrest that the specics presont is a
countact lon pair, This conclusioﬁ ;s in agrecmeat with the
observations of the cffect of added methyl eyanide on thz 38,650 om .
barde The usual shift 1s uot observed but thoere is a decrease in the
intensity of the band cccompanied by the production of a new band |
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at higher frequencies which resembles the band observed for bromide
ion 1a pure methyl cyanide. It is suggested that the solvent

mixtures contain both coutict ion pairs and "free" bromide ions,.

T e, PR o et 5 R

A siuilar pheuomenon wus also observed when methanol wes acded
to the solution in carbon tetrachloride although in this case the
cffectiveness of the wethanol in destroyins the 38,650 em™® band
wag far greater than that of methyl cyanide, It is interestingz
to note that the d4iffercnce in the vposition of maximum ahsorption
ol the bromide and iodide ion pair with constant cation, 4,170 cm"‘,
1s almost double the ditference in the ionisation potential of the
halide ions, 2,500 e, - It appears that a major contribution to
this discrepancy must arise {rom the differcince in the radil of the
two ions which leads to an inportant clhian:e 1n the distiance between
the centre oi positive and negative charge witliln the ion pair. '

The effect of added methanol on the absorption band exhibited
by tetra-n-hexylammonium iodide is a decrease in the intensity of |
the band at 34,430 cm™. Preliminary experiments indicated that
within a salt concentration ranze 2 x 107°% to 13.5 x 10~° the
extinction coefficient nad position of the band was unaffected by
concentrations of rethanol up to 1.6 x 10~% molal. This o‘::servert:..'n.on"j
was unexpected since it was anticipatec that with inerease in salf
concoentration, the concentration of methaenol required to produce a
measurable decrease in intensity would also iancrecse, Atteation
was tlien directed to tihe affect of hisher methonol concentrations

vihilch were found to cuuse a decrease in extinetion coelficient and

a siiift of the band to highcr energies. Isobestic points in the
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36,000 on™* and 39,900 em™ regions were observed for methanol
concentrations botween 1.6 x 10~° and 4.8 x 10~ molal. although
with further addivioans ol methanol the isobestic points were not
observed and a steady decrease in the absorption over the whole
range, < 40,000 om™, wac observed,

Those results suggest that tho contact ion pair is slowly
destroyed, at methanol concentration greater than 1.6 # 10°° molal,
through an equilibrium process. Comparison with the behaviour of
iodide ion in other solvents such as methylene dichloride suggests
that the new spccies iuvolved in the equilidbrium may be a solveut-
shared ion pair. This latter species i3 itself destroyed at higher
methanol concentrations and the absorption spectra suggest that
conplete destruction oi' contact ion pairs is erffected by methanol
concentrationé of only 2 x 10™* molal. It is difficult however to
reconcile this coaclusion with that arrived at after an analysis of
conduetivity data,ia which suzgests that the contact ion pair 1s a
stable entity in carbon tetrachloride solutions which contain
methanol in far greater conceatratione than those employed here.
DPerhaps the methods involved in the analysis of conductivity data
are responsible for this dichotomy, since tliey are based on the
assunption that it ic possible to extrapolate the equations
describing the behaviour of fully dicsociated electrolytes in
highly polar solvents, to the behaviour of free ions in equilibrium
with ion pairs in solvents o low dielectric constant, The
fraction of ions not present as free ions are prodefined as contact

ion palrs. Conversely however it appears possible that the
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equations which are used to define the nature ol the free ions
also define the nalure of the ion pairs and that the structure
of the ion pairs so defincd may vary with changes in the composition
ol the solvent. This is another example of how tlLic nature of the

experimental technique contribute towards the interpretation of the

16
phenomenon of ion association.

ationg for IMiture Worlk

In acdition to the points noted in the text above, other
prohlasae huvé arisén a8 a natural ccrollary to our iavestization.
These include:-

(a) An examination of the contribution of the solvent and its
molecular structure to thie raiius of the square-well cavity. The

resolution of this problen may sugzest tie stereochemical

arrangement of the solvent molecules contiguous to the ion.

(b) An examination of the behaviour of the halide ions in
enviroaments other than licuid phase.

(¢} A continued examination ol the structurc of ion pairs in
solution in order to understand the factors wvhich coatrol their

gtability.

Lol e e e

(d) In the discussion of tihc ultraviolet absorption properties of x
halide ione in various solvent media, attention has been concantratedz
on the first absorption band. It is intended however to examine

the nature o the absorption spectra at higher energzies and to

g::amine the nature of the transitions involved.
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Taple 1 - Details of tihe fipst sbesorption bend of bromide

Solvent

Yater

MeCKY

and cihloride

U
O
(=]

|

ons in yater
at 20°C
Vnex 10®Enax
(cia™z
50,960 12,3
51,000
149,500 (22°C)
145,600 9.7
45,930
16,080 (22°C)
51,200
51,160

50,760 (22°C)

cyanid
ABpax/as Roe
(cal/deg)
u2s
11
12
6513
11
12
11
12

Table 2 - Bffect of temperature on the tail of the first absorption

baud of the

Solvent

Lthanol
Methanol
n~-butanol
Water

Hethyl cyanide
Ethyl cyanide
1:3 dioxalane

roinide ion at

2 x 103, in varjous sgolvents at 20°C,

-

Vinax
caTs
48,700
43,700
L3, 500
47,350
113,800
L2, 650
43,400

Pixed extiaction coo

ag/ar

at

cals.deg *

4l
L1
L2
43
60
48
53



fable 3 - Dgtalls of the uwltraviolot absorption band of halide jon
in gome solvents wihieh have low (lielectric constant,

-
\

Solvent Ion V nax 10%Enax dr/ar
methylene
dichloride Br~ 115,600 9¢1 1616
I~ 40,700 15.4 277
dioxan Br~ W4,450 (e=2.10°) - 30
carbon

tetrachloride BayBr~ 38,650 .0
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S8oction (g) - Annex

(1) Rgsearch Peprsonael

Estinated Number of ‘lours
devoted to Contra:t

Professor ki.C.R, 3yi20iis as required
(virector)

Mr. L. Shields 160 hours/month
(Resench Seholar) (minimum)

(2) administretive Action -~ NIL

(3) Cost Breakddwm

Charge for expendable supplies and/or materials
ineluding chemicals, laboratory glacaware, raw
materials, compounds, wire, solder, ctc.

Charge for overiead including such items as heat,
lizht, water, use of laboratory space ani facilities,
minor edministrative services not iancluded under
salaries, reproduction oi reports, etc.

(L) Property acquired at
contract expense - NIL

nil

83100 DPe8o

3250 Pe 8.

£60 Pe8e
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